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Comparison of snow cover April 1 or revised forecast May 1-15 and run-off April-July (per cent of normal)

N. B. Until 1918-19 unrevised snow cover April 1 is used as a forecast.
after season was over are followed by Rev., and new estimate in parentheses.

Those revised May 1-15 marked by an R placed hefore number,

Those revised on basis of new data

East slope of Sierra West slope of Sierra
X Carson (but subject to West Walker, 199,366
Season Truckee (exclusive of Lake Tahoe, rise 1.86 heavy diversions), A.F. South Yuba, 205,442 A. F. | Mokelumne, 461,486 A. F.
Tahoe), 351,200 A, F. feet, 204,180 A, F. 251,476 A. F. (N. B.—3now courses (Heads against Truckee) (Heads against Carson)
(N. B.—Courses few) mostly in East Walker) .

Forecast Run-offf Forecast |Run-off Forecast Run-off Forecast Run-off Forecast Run-off Forecast Run-of!
1909-10____|(No forecast until |} 65,9 82,7 61.5 |[No forecast until 64.1 |(No forecast until 96.6 |[(No snow survey 68.4 {{Only survey course 68. 1
1910-11____ 1921-22 except 190.9 170.4 172.3 {|1917-18, but 176.7 1918-19, but po- 150.6 until 1915-16. 119.3 at Blue Lakes at 120.6
1911-12.___|{ that for adjoin- 52.2 49.7 64.5 compare adjoin- 42,4 tice usual simi- 56. 2 Then only one 68.3 Crest and inter- 50. 2
1912-13___.j| ing Dbasin of 56.2 58.2 69.3 ing Tahoe for 57.2 larity to Tahoe 50.9 wind-swept 70.1 polation from S. 65.2
1913-14____|| Lake Tahoe. 144.2 | 153.8 150. 6 similarity. 162.9 and Carson, ad- ||.______ course until 99.5 Yuba. Note 120.3
1914-15.___ . £8.2 A .3 joining basinsto ||______. 1015-19. 109. 8 close correspond- 122.9
51.9 north. J 1654 ence between 123.9
1915-16__ . 119.9 Q4 Do ruu-ol\f/fI i lYuba 115.1

. and Mokelumne

1916-17____ 106. 9 though the A mer-

9 65,4 can ifl)Jtervenes.d

- 5 % K SR, 100. 2 estimated. . 76.2

1017-18. .. ) 819 { (65. 4 Rev.) } 69.0 1 {805 Rewy oo
1018-19____ g 80. . 69.9 'R 99,2 __________ 80.8 | R $3.9.__. -] 8ue
1919-20__ . . 3 70.0 ) R 67.5..._ 7.1 | R 68.0._ 72.4
1920-21____ 5 5 . 92.4 " R109.0.___ -| 101.9 | R 103.6._ 98. 4
1921-22____ . . . 24, 121.2: R141.8._ .. 121.3 [ R130.0._._____. 126.9
1022-23.___| R 99.4 82,0 {R 95.1 940 | R 8.9 ... __ 85.3 ‘ R 98.6...........] 199.2 | R 81.0 approxi- 1747

mately.
1023-24____ 15.0 (R —1.9 —3.0|R 26.0..._.___.__ 8.9 | R 32.6.__________ 23.9 i R 25.1_. 4.1
- - < " 2,9 . 95.7
1924-25.___ 55.4 | 80.2 101.2 A 75.2 S U 83,7 i{ o Y hey

1 Data for July lacking, making thus only a 3-month run-off. The inclusion of July would decrease the divergence in the case of the Mokelumne.

AN EXAMINATION BY MEANS OF SCHUSTER’S PERIODOGRAM OF RAINFALL DATA FROM LONG RECORDS IN
TYPICAL SECTIONS OF THE WORLD

§5/.578.1 :
oy 50/ (1) (DSH)

[This paper supplements that by the same author in Monthly Weather Review, Oct. 1924]

By DiNsMORE ALTER

[University of Kansas, Lawrence, Kans., Dee. 18,1925 1]

SYNOPSIS

This is the ninth of a series of papers on the rainfall of the world,
and the second on the application of Schuster’s Periodogram. In
the last application of this method, published in the Monthly
Weather Review of October, 1924, periods longer than nine years
were investigated. In this one, periods are examined between
nine and two and one-sixth years. In the next paper, which is
already mostly computed, still shorter periods will be considered.
The aim of these investigations is to examine typical sections
systematically, so that all facts concerning rainfall periodicities,
which are inherently possible in data at the present time, may be
established. Itis believed by the author that this question requires
such a method as the periodogram, through which periodicities
and probabilities are shown, entirely free from the personal bias
which must affect the judgment when almost any other method is
used. At present, it is his belief, the great need is for such a careful
examination of data, rather than for theorizing regarding causes.
It is only through thus establishing accurate quantitative relation-
ships that the theories regarding causes can be given the sound
footing which they require. Naturally a knowledge of causes is
the final goal of all research, but any short cut to theories regarding
them is too dangerous to use.

The following summarizes the principal results obtained so far.

(@) Rainfall periods certainly do exist.

(b) There is, in all sections of the world examined, a very marked
bias toward harmonics of the sun-spot period, too much so to be
merely accidental.

(¢) It is impossible to say at present whether these periods are
constant or varying in length, however, the bulk of the evidence
favors the former.

(d) Tt would be too unsafe to make agricultural predictions on the
basis of results so far obtained. However, some sections of the
world indicate quite strongly that this may be possible in the future.

(¢) The more nearly a climate approaches a pure marine the
more nearly does its periodogram give us definite results.

t 8ince sending the manuscript for publication, an excellent article by Sir Gilbert T.
‘Walker on the periodogram has appeared in No. 216 of the Quarterly Journal of the Royal
Meteorological Society. Our conclusions regarding the strength and limitations of the
nilethod palr)allil each other very closely although in general his treatment is the more
elegant—D. 4.

SCHUSTER’S PERIODOGRAM METHOD OF FINDING HIDDEN

PERIODICITIES

Schuster’s method is the most careful analytical net
which has been devised to investigate the existence of
periodicities, hidden from casual inspection by means of
accidental errors or by the presence of multiple periodici-
ties. Various attempts have been made to use shorter
methods of analysis but all these seem unsafe to the
writer, some because real periods may be overlooked,
others because they permit accidental periodicities to
appear real.

ittle summary of the method is necessary here, merely
a statement of the equations being sufficient. Given

data ¢,-- _.__gy, assume any period P; times the datum

interval. Let ¢; be the phase angle for the datum g,
2

so that ¢ —e;="p" (¢, =0)

Define:

n n
AjEF;g,- cOS ¢;; B,.E?q‘ sin ¢4

2 2
=4’;;B’ ; tan

B

== &=
i
where ®; is the phase of the best sine curve of period P
at the instant otp observation of ¢,, and I; is proportiona.i
to the square of the amplitude of this curve. Periods
P; are chosen of lengths such that there is little phase
divergence between adjoining ones during the stretch of
data, and {f, is computed for each. A curve is then

drawn with P’s as absciss® and I's as ordinates.



Ferruary, 1926

Usually a quantity H; =1I;/Inen is plotted instead of
I, Schuster determined the mean I by measurement of
the area under the curve. In one of my papers (1f) I
have computed this mean value by the equation

I, =1.099¢

where e is the probable error of one datum under the
assumption that all their deviations are accidental. If
the order of the deviations of the ¢’s is not accidental, we
have peaks in the periodogram higher than would be
expected from the theory of probabilities. The frequency
of distribution of such peaks, under the law of accidental
grouping, is e™®. It is obvious that peaks higher than
would be expected from error distribution, will raise the
mean height of I, if we have only a limited number of
values of ¢, or a short stretch of the periodogram. The
computed value of [, is that which we would have
obtained by measurement, if we had had many data and
had used a long stretch of periodogram. It is, therefore,
not only more convenient but also more accurate to use
in computing probabilities. After publication of the
above equation, I found a more convenient form for
computation:

(a

z 0'{2

1

In= 2(n—1)

where o, is the deviation of ¢; from the mean q.

As we use smaller and smaller values of P, we find that
the amplitude of a computed period is less than it would
have been had we used shorter datum intervals and,
therefore, a larger P for the same period. However, it
is easy to reduce a computed I to what we would have
obtained from the shorter intervals, by means of the
equation (If)

JLO S il o
4 sin*}(z—1vy)

where r is the phase of ¢; and y that of ¢,,,, expressed in
radians. It is almost needless to remark that computa-
tions of probability must be made from an H which has
not been multiplied by this factor. Nevertheless, the
factor nas some real value, since it gives us the most
robable values of the intensities and amplitudes of the

est sine curves of periods P; and enables us, thus, to
compare their effect on the data. This factor is given
as column F' of Table 5. Probably it would have been
better to have plotted the periodograms after multipli-
cation by F; however, I have used the original values
for this 1n order that the graphs may conform to long
established custom.

With periods of three times the datum interval or
less, F begins to get large and accordingly the ratio of
accidental error to intensity of any real period of a given
amplitude becomes greater. For these reasons any
such real periodicity will be displaced more from its true
value, both in length and intensity, than will longer
periods of the same amplitude. It is, therefore, impos-
sible to demand as good an agreement as would be
expected of longer periodicities. In this paper periodi-
cities have been investigated, using yearly datum
intervals, for the whole range between nine and two and a
sixth years. However in the next paper, now more than
half finished, half yearly datum intervals will be used.
That paper will cover the range two and a half to one and
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a twelfth years, thus overlapping the most inaccurate
part of the present periodograms.

Limitations and powers of the method.—There are a fow
of these which it may be well to mention, although
probably almost all of them are well known to everyone
who has studied the method. Most of them have been
discussed in detail in various publications.

1. No matter how small amplitudes of real periods
may be, they can be shown definitely to be real, if we
have enough data. In oral discussion of a paper read
recently, the objection that this is not true was raised
against the method. Schuster's method yields nothing
to any other method in showing small real periodicities.
The objection has arisen through the fact that some other
methods do not show clearly enough the lack of evidence
in favor of these periods.

2 Periods of large amplitude will have both their
length and intensity most accurately shown, since the
greater thev are, the less is the ratio of accidental errors
to them. For this reason if we have any grounds, either
theoretical or statistical, to suspect a given set of periods,
as for instance harmonics of the sun-spot period, we will
demand of the highest peaks a very much greater coin-
cidence with these harmonics than for lower peaks, even
though these also be high enough to indicate a good
possibility of reality.

3. If two stretches of data are investigated, the longer
including and being a continuation of the shorter, inten-
sities of periods should remain the same, on the average
for the two stretches, if they be accidental but should be
larger for the longer stretch, if they be real. This refers,
of course, to periodograms plotted from the ratio Hj.

4. In determining reality of periods, not only the in-
tensity, but also the length of tﬁe period with respect to
some other plausibly related phenomenon should be con-
sidered. For example, if in this rainfall investigation,
peaks of medium heights, nearly at harmonics of the
sun-spot period were to be found, it would be legitimate
to regard them as more probably real than we would re-
gard those of the same intensities but whose lengths of
periods had no special significance. However, it is
mainly a matter of judgment and personal opinion what
weight shall be attached to this consideration, unlike the
matter of intensity for which there is an accurate mathe-
matical probability. For this reason extreme caution
must be used with this argument. It can be used merely
as an additional evidence to the primary one derived
from the intensity.

5. The same period, found in independent records of
any one kind of data, is almost as strong an argument for
reality as is intensity. This is especially true for chrono-
logically different records.

6. In the preceding paper (Id) it was shown that the
accuracy with which any period is located is less than
that which would be expected from casual examination
of the periodogram.

7. The expression ‘‘expectancy ratio under error law”
would be more accurate to use than ‘‘probability,”
since the calculation of ¢ @ shows the,ratio, to be ex-
pected by accident, of peaks of a given height to the
number of peaks computed. The probability, based on
mere statistics, that the peak represents a real period 18
much less than this ratio, Also each peak, established
definitely, makes minor peaks ‘of “'medium height more
worthy of consideration. + Although Shuster was very
emphatic in stressing this point about the probabilities
of reality, it seems not to have been appreciated by some.
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- He considers that only those peaks for which this ex-
pectancy ratio is less than one in two hundred are worthy
of consideration as possibly real, when based on statistics
alone. This judgment seems quite sound, although the
number of points computed in the periodogram should
be considered, and it will be adopted here as a criterion,
except when modified by 4 and 5 above. In such cases a
larger ratio may be considered as sufficient to indicate a
possible real periodicity.

8. In using Schuster’s periodogram there is absolutely
no danger of prejudicing the solution in favor of some par-
ticular value, as has been done by other methods.

9. The method can be adapted to investigation of
variable periodicities. The same limitations apply here
as to other methods, although, as in 1 above, they are
more obvious than in most other methods which have been
applied to such cycles. In order to make a legitimate
examination, the law of variation must be assumed from
hypotheses other than an examination of the data. For
example, it is entirely legitimate to crowd up or stretch
out weather data in accordance with the apparent varia-
tions of the sun-spot period before applying analysis to
them. But it would be entirely forbidden to take these

equal phase intervals for the sun-spot data themselves.

A(}so, similarly, it would be improper to look at weather

fluctuations and say that when crests were far apart a

period had lengthened, merely from an examination of

these data themselves.

10. In computing the mean height of the curve the tota,
data are used. Since, in order to hold approximately to
complete cycles, some data are usually discarded at one
end of the stretch, it would be most strictly correct to
compute I, for each point, only from the data used for
that point. This would involve considerable labor for a
very slight improvement in the value of H. The neglect
williya,lways lower H slightly and, therefore, merely results
in probabilities of reality being actually a little greater
than we have computed. Schuster discusses this near
the bottom of page 74 of the reference (2¢) above.

11. For short periods, such as investigated in this paper,
it is no longer permissible to abbreviate the work by
repeating .or averaging a month every now and then to
get fractions of years, as was done in the last paper. The
work is enormously increased by the fact that the mean
phase of any year must be accurately computed and that
only in comparatively few cases will any phase angle be
repeated more than twice during the stretch. Instead of
a sum or a mean being multiplied by sine, and cosine, each
value of ¢; must be so multiplied. However, if we assign
the same number of years to the stretches of data from
different parts of the world, the phase angles, sines, and
cosigns, once determined, may be used for all. In this
case there were 73 years of data for the Pacific coast of
the United States, and this number was used for all other
sections, except the Punjab where only 62 years are
available.

EXAMINATION OF DATA FOR VARIABLE PERIOD

An hypothesis which has been discussed somewhat in
recent years is that weather periods or cycles do exist and
that they stretch out- or close up so as to keep in step
with the variations of the sun-spot period. For years
this period was considered to be 113§ years, which is the
mean visible period between successive maxima or minima
of the number of sun spots. Recent work by Hale (3) at
the Mount Wilson Observatory shows that the period
of variation of magnetic polarity is exactly double this
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and that it is better to consider the mean period as being
22.25 years.

In the earliest papers of this series, a short period was
examined on the ]hypothesis of a forced phase agreement
between rainfall and sun spots. There the datum inter-
vals were months and it was difficult to make the proper
table for expanding or contracting the number of data to
keep a constant number of phase steps between successive
sun-spot maxima or minima. Here, using yearly data.
the problem is much simpler. Table 4 shows the years
to be repeated or averaged to force such a relationship.
Within narrow limits, this choice of years is arbitrary.
However, a rule of spacing as uniformly as possible leaves
little choice. The method is, of course, but an approxi-
mation; nevertheless, if the weather cycles exist and do
thus change their period, the periodogram derived from
the data thus adjusted should show higher peaks than
from the unadjusted. This adjustment gives exactly 22
datum intervals to the sun-spot period, instead of the
average of 2211 as for the unadjusted. The writer was
surprised to find how little difference there is in the tables
of adjusted and unadjusted data since 1850, the year for
which the 73 data for these investigations usually begin.
Twenty of the years agree exactly in both the unadjusted
and adjusted tables, 47 differ by but one place, and only
6 by as much as two places. It is evident that there will,
in general, be a great similarity between the periodcgrams
and that it will be very difficult to tell whether periods
approximately constant in length or changing with the
alpp&rent sun-spot variation are the more probable. If
the earlier sun-spot data, which show large deviations
from the mean period, can be accepted as approximately
accurate, then the preceding 73 years, for which we have
data from Northern Europe, should tell us much about
this question.

THE DATA USED IN THIS PAPER

(@) Pacific coast of the United States.—These are identi-
cal with Table 5 of the preceding paper and, therefore,
will not be reproduced here.

(b) Northern Europe.—Many new data have .been
added so that they are given in foto as Table 1.

() The Punjab of India.—These data are identical
with Table 6 of the former paper, except for the addition
of 1t‘he years 1919-1924. abfe 2 shows these later years
only.

(d) Eastern United States.—In the main, these are the
same as Table 4 of that paper. New England stations
have been added. Table 3 shows only these additional
stations and the means of these with the stations of the
previous paper.

The Pacific coast of the United States.—The results for
this section are shown in the first columns of Table 5 and
in Figure 1. Three periods stand out above all others in
the unadjusted periodogram. First is one of H=8.98 at
P =2.469 years; second H=7.42 at 5.38 years, and third
is H=7.17 at 4.42. The computed expectancy ratios for
these peaks follow. For the largest value of H, one out of
every 7,950 should be of this height by mere accident.
In the periodogram there are 86 computed points, with
two of this height. It would be, therefore, entirely im-
probable that we would obtain this peak by accident.
For the next two peaks the ratios are 1 to 1,660 and 1 to
1,280. If the sequence of deviations on the Pacific coast
is but accidental, one would be much surprised to obtain
any peaks as high as this, and much more surprised to
find three. One-ninth the sun-spot period is 2.472 years,
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an agreement with the highest peak more perfect than
one could possibly expect, indeed far within the accuracy
with which the peak can be located. One-quarter of the
sun-spot period is 5.56 years, differing from the second of
the observed peaks by 0.18 of a year. The computed
uncertainty in the position of the peak is much larger than
for the shorter period, having increased both because of
the lesser number of cycles in the 73 years’ data and also
because of the lesser phase change in one year. Itis 0.14
of a year, approximately equal to the discrepancy.
Moreover, the steepness of the two sides of the peak indi-
cates that, if more points had been computed, the crest
would have fallen to the right of its present position,
somewhere between 5.40 and 5.45, giving a smaller dis-
crepancy. One-fifth the sun-spot period is 4.45 years,
1.11 years less than the fourth harmonic. Therefore, the
peak agrees with the harmonic to better than one-sixth
the interval between harmonics, an agreement closer than
would have heen expected by accident, but not impos-
sibly accidental. The third peak is at 4.42 years, wﬁich
differs from its harmonic by the almost negligible quan-
tity of 0.03 of a year. Therefore, in this periodogram we
have three peaks so high that we would expect none of
them by accident, two of them in almost perfect coinci-
dence with sun-spot harmonics and the third closer than
we would expect through chance.

Two other peaks are found just at the limit of the
Schuster criterion, and because of the presence of the very
high ones, they become worthy of some notice. The
higher is at 2.25 years, differing from the tenth harmonic
by 0.02 of a year. Thenext is at 3.17 years, as perfect an
agreement with the seventh harmonic as the solution per-
mits. The lowest of the highest six peaks is at 6.83
years and is the first peak to diverge seriously from the
sun-spot harmonics. Iach of the highest five peaks fall
remarkably close to the harmonics of the sun-spot period.

Examination of the adjusted periodogram shows the
expectancy ratio of the highest peak to be one in 5,500.
The peaks, although still high, average lower and the
coincidence with sun-spot harmonies is lacking. There-
fore, so far as we can tell from the available data of this
section, constant periodicities, at least so far as length of
period 1s concerned, are the more probable. Some of sort
periodicity almost undoubtedlﬁ exists and there is a
quite probable relationship to the sun—sFot period. This
section has the purest marine climate of any of those in-
vestigated. '

Northern Europe and the British Isles.—In this section,
which is next nearest to being a pure marine climate, 146
years of data have been used. 'Fhe first pair of periodo-
grams have been computed from the years 1777-1849 and
the later from 1850-1922.

The 1777-1849 unadjusted periodogram shows but
two peaks of much interest, however, one of these is far
the highest peak found for any section. Forit, H=16.95
and it is found at 2.449 years, almost exactly where the
highest peak was found for later years on the Pacific
coast. 'Fhe expectancy ratio of peaks of this height is
one in 22,400,000. Independently of the fact that it is
at one of the sun-spot harmonics and of the fact that it
agrees almost perfectly with the highest peak of a dif-
ferent section and from a later stretch of years, there i
little question that this peak is not accidental. A period
equal to one-ninth the 22.25 year sun—s;f)ot eriod actu-
ally did exist in northern European rainfall during these

ears.
Y The second highest peak has an expectancy ratio of
1 in 1,600. It %a,lls at 4.17 years, which is 0.28 of a
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year less than the fifth harmonic, which was found in
the data of the Pacific coast. The third peak is much
lower with an expectancy ratio of one in 250. Its posi-
tion resembles somewhat that of the seventh harmonic,
also found in Pacific Coast data, but there is little to
depend on, either from its magnitude or position. Of
course, if it actually be a real peak, it will, due to its small
magnitude, be subject to greater displacement than
higher ones.

en we turn to the adjusted data we find once more
that the peaks are lower, although much higher than
accident would place them. The expectancy ratio of the
highest is one in 4,370, of the second highest one in 1,280
and of the third highest is one in 200. Again we find that
the adjusted peaks bear no relationship to the sun-spot
period. This is extremely important evidence in favor
of nonvarying periodicities, for it was during this epoch
that the sun-spot period appeared to diverge most from
constancy. A]F’;hou h, for the latter stretches of data we
would expect the false hypothesis to show nearly as well
as the true, here as we would expect, we do find the dif-
ferences of the two periodograms to be very marked.

So far all our evidence has been extremely favorable
to an hypothesis of constant periodicities (at {east so far
as the length of the period is concerned) which occupy
certain harmonics of the sun-spot period. However, the
data from Northern Europe for the years 1850-1922 tell
a different story. The unadjusted shows, it is true, three
peaks higher than we would expect from accident, but
they are low compared to those of the preceding periodo-

rams. The expectancy ratios are one'in 420, in 340 and
in 220. The two highest of these fall very nearly at sun-
sa)ot harmonics, the higher missing the fourth harmonie,
also found in the Pacific coast, by only 0.06 of a year,
which is practically perfect agreement for periods of)7 this
length, and the next missing the seventh harmoniec by
0.05 of a year.

When we turn to the adjusted period we find one peak
with an expectancy ratio of one in 1870, and two others
of about one in 200 each. Of these three only one, and
that one of the two lowest, falls near a sun-spot har-
monic. That one is very close to the sixth. ’

This reversal of previous results is surprising. How-
ever, an analysis otp Table 1 gives us some indication of
what has happened. In the data of the later years, a
number of new stations have been added, as they began
to make records, in an attempt to eliminate, as far as
]S)ossible, accidental errors and the effects of local storms.
Several of these were in Germany, two of them being
possibly too far south from the north coast to be true
marine rainfall. Tt is a natural result of the prevailing
westerlies, that we can go farther inland for marine type
stations on west coasts than on others, especially yt,;ge
east and north. The principal effect of these inland sta-
tions comes in the later data, so that, if there be a phase
difference between marine and continental stations, these
1'(}31c0rds would cut down peaks instead of reinforcing
them.

If we will choose carefully as pure a marine type of
climate as is possible in this section, the ninth harmonic,
which has disappeared, should reappear if this be the
true explanation. A periodogram was computed, there-
fore, for the years 18501922 from the data of the British
Isles. Possibly it would have been better to include the
records of western France, of Sweden, of Denmark, of
the Netherlands, etc., which had already been used in
the early curve. If I ever repeat this section I shall do
this, especially for a computation of a short pertodogram
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in the neighborhood of the ninth harmoniec.
This special periodogram for the British Isles
was carried through only for the unadjusted
data. A considerable improvement was found.
Peaks exist of H=6.97 at P=2.84 years, of
6.81 at 3.17 years, with a secondary of the latter
of H=16.24 at 3.38 years, and of 6.30 at P=4.25
years. There are two minor peaks H=5.18
and 4.54, respectively, the latter at 2.42 years,
0.05 of a year from the true position of the
missing ninth harmonic. These three highest
peaks are all higher than any in the previous
unadjusted periodogram and are surpassed by
but one peak of the adjusted periodogram.
The expectancy ratios are one in 1,300, in 900,
and in 600. They hold rather closely to the
eighth, seventh, and fifth harmonics, especially
to the seventh, for which the agreement 1s
perfect.

It is evident that the exclusion of the inland
data has made a considerable improvement, but
the closeness of the agreement between the
periodograms of 1777-1849 for Northern Europe
and of 1850-1922 for the British Isles, which
are a large part of the former, can show best
only by an examination of the superimposed
curves. Quite apparently the main differences
are in magnitude only, and we have a ver
similar ‘“ spectrum’’ from the two epochs. This
point will be discussed later. These superim-
posed curves are shown as Figure 7. Figure 6
shows the two unadjusted Northern Europe
Rfariodograms and Figure 3 compares the early

orthern Europe with the Pacific Coast.

The Punjab of India.—We have one section
which is almost as pure a continental type as is
to be found. This section is The Punjab, a
thousand miles inland and with light winter
and heavy summer monsoons. Unfortunatel
there are only 62 years of data available. This
fact is certain to give us smaller values of H,
if the peaks be real. If accidental, their mean
heights should be unaffected. Tentatively we
shall study peaks lower than we demanded for
the other sections.

In the unadjusted periodogram we find for the
highest peak H=4.78 at P=2.78, which is
exactly the eighth harmonic. The expectancy
ratio of this peak is one in 120. For the second
highest peak H—-4.49 at P=7.5, with the
steepness indicating the true crest between the
computed points of 714 and 7%4. This is ex-
actly at the third harmonic. The third highest
peak is H=23.60 for P=3.17, almost exactly at
the seventh harmonic. Although not as strong
evidence of reality as for other sections, be-
cause of the low heights of these peaks, this
series of agreements is among the prettiest
things seen in the investigation.

In this section we find that the adjusted
peaks are somewhat higher than the others,
with H=5.38, 5.35, 5.07 and 4.81. The ex-
pectancy ratio of the highest peak is one in 215.
This peak does not match at all with the har-
monics. The second highest at P =2.25matches
the tenth fairly well. The third peak at P=3.75
is very close to one-sixth of 22. The fourth
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peak is at 734 years, very near the third har-
monic. On the whole we find, for this section,
that the evidence is slightly in favor of the
variable period, although not nearly so strongly
as is the reverse in the case of the Pacific Coast
and Northern Europe.

Eastern United States.—If this section were ..
to be computed again, I would choose only a -

small part of it, probably New England. The
same error was made as in the case of Northern
Europe. Data are included from a large region,
extending from New England to St. Paul, then
to New Orleans and east to Florida. OUn the
whole, it tends to be continental in rainfall.

The highest peak on the unadjusted curve
is & symmetrically shaped one, H=5.73 at
P=17.5, the third harmonic. Its expectancy
ratio is one in 310. The next highest peak is
H=5.63 at P=4.75. This is one of two
adjoining peaks, the other being H=4.40 at
P=433. The curve does not get down to
normal between them. Neither is at a har-
monic, for they straddle P=4.45, the fifth har-
monic. The only other point worthy of men-
tion is H=4.50 at P=3.17, the seventh har-
monic, which has been so persistent in various
parts of the world.

The adjusted curve gives us but one peak, a
high one, H=7.78 at P=7.25, the third har-
monic of 22. This one high peak, with expect-
ancy ratio one in 2,400, makes this periodogram
very striking. However, when all is balanced
it seems that the evidence from this section
scarcely favors one hypothesis more than the
other. Probably it is slightly in favor of the
variable period.

THE BIAS OF THE UNADJUSTED DATA TOWARD
SUN-SPOT HARMONICS

We have constantly seen the agreement of
peaks of the unadjusted periodograms with har-
monics of the sun-spot period. In each section,
without a single exception, the highest peak is
almost exactly at one of the sun-spot harmonics.
This bias continues, in general, to the second
and even to the third highest peaks. The
following tabulation exhibits clearly how
unusual this coincidence actually is.

: Derived-
Section ng}}“t’ Peak, P [Harmonic| sun-spot

period

Years
Pacific Coast ... ......._...- 8.98 2.47 9 22,23
©Old Northern Europe__._.___. 18.95 2.45 9 22.05
New Northern Europe_......- 6. 04 5.62 4 22.48
British Isles 6. 97 2,84 8 22.72
The Punjab - 4,78 2.78 8 22. 24
Fastern United States....____ 5.73 7.50 3 22.50
b5 (2 + RN [N JER SRR 22,37
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The sun-spot period as computed from the
rainfall data disagrees by only 0.12 years from

the value obtained from the spots themselves.
Its probable error is 0.07 of a year. Regard-

P

0 7 less of the interpretation which one may put
. MWZM Furope on the periods found here, it seems impossible

E—

--—British fsles . —— that the relationships between sun-spot and
rainfall periods can be accidental.

P
peprar 3 T

RECAPITULATION AND CONCLUSIONS

3
===t

~
Y

N (@) The higher peaks found in the periodo-
A grams can not be d%e merely to accident.

7 \\ AN /\ () On account of the little difference between

/\ l:' the supposedly variable sun—s};l)ot period and a

e ———

I Y constant one, during the last three-quarters of a
\ / \ / // - \\____\ / century, it is impossible to determine definitely
N7 AV <~ whether the periods are fixed or variable, but
e’ XL | the bulk of the evidence favors the fixed

)

4 5 z 5 5 Deriods. )
(¢) The periods are, for some reason, closely
related to the sun-spot period. This paper is

% statistical and does not enter into causes.
(@) The effects seem most pronounced for

O

777 8 = marine climate and especially so for the pure

Unacjusted /‘,\,\ marine climate of our Pacific coast. This is
== Aqyusted \ exactly the result found several years ago in
/ “
\\
\

(¢) Periods of practically constant length,

L7

\ an investigation of a short feriod (1¢).
\\\

\ 7%~ but possibly with varying amplitude, seem

N

1]
A ! YA most probable. For an 1identical conclusion
i \ \ _.| regarding sun spots, by Schuster, see pages
AN / 89-95 of (2¢) in the bibliography.

I R

N accuracy to use as a basis for long range agri-

S ]
IPYZAYS 7N S (f) Nothing has yet been found of sufficient
FARAY VAN
5 r

4 7 8 9 cultural forecasts, although the results distinctly
F16. 8,—Rainfall periodogram of the Punjab encourage the hope that this may be found in
the future, at least for the Pacific coast of the

— United States and perhaps for the Punjab.
(9) For the same reasons that these periods

gave very much more definite results than the
longer ones of the previous periodogram inves-

tigation, it can be expected that the next paper

on still shorter periods will be even more
A £i1g 9 /‘/\ definite.

1
]
— Unadiusted ]
\ . o / / ‘.| \ (h) There has been for many years much
[
1
\ research is
| to find causes, it seems to the writer that our
?

y: theorizing regarding causes of sgﬁposed rela-
7
i /
present need is to establish statistically and

tionships. Although the end of
/
f h
i H . . . .
b\ ! / ) A accurately the quantitative relationships be-
/ ! \,' \ tween solar and terrestial phenomens, in order

~h
|~
| et
~~
g
~.
P
-

/ \ | that there may be a firm basis for the

\ \
VTN ’K/E"\, V_J\/ N /\/ \| hypotheses of the future.
V / N/
L)

Fi1a, 9.—Rasinfall periodogram, eastern United States
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TABLE 1.—Northern European Rainfall—Yearly percentages of normal at available stations with long rainfall records
EEER 855, gs8, e EEER
= £ So= E<hads S5
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BNy g 2 g EoRE » | £ | § EoRE 2 | 2| § EoRg w | 2| § et RN
B B Bk 5| & B B | B SoB 5B | & Sl ¥ | B
ST A | & | = S £1&) = S &&= S SR S S22
406. 9| 549 496, 9| 549 496.9| 549 496.9] 540 496, 9] 549
Normall_....... mm.| mm.|------ Normal |--...---- mm.| mm,|------ Normalf.--..._. mm.| mm |-~ Normal -....._. mm .| mm,|--==-- Normal|-...._.. mm.| mm,
Year Year 86 Year Year
1700 109 1710 |oeeemeee 86 |-eu-- 137 1720 [ 3 93 1730 8 | 87 (121 98
1 117 U S 137 |-oo2 115 21 69 |._._. 69 31 86 | 55| 79| 63
2 89 U 115 |- ooC 112 22 79 |-eoe- 79 32 9 | 89| 90| 92
3 M 13 | 12 |-ooC 81 2 48 |-._. 48 33 84| 42|10 78
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TaBLE 1.—Northern European Rainfall—Yearly percentages of normal at available stations with long rainfall records—Continued
LR -~ =
°,§E g -
w
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BEE| B 2 g Sl e 28| 2 2 2 | g
by g -1 B @ g 2 B - B -8 g a2 L=l ! & 5o
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3] <] @ = & a =2 3 g 2 i 9 s 3 & = 1 = g 2 3
1] 5] M ] SRR -] CI - I T R = 2 | - o =) = &~ 3 -3 > > alal=
Normal _|.__._... 259 | 52.1| 247 1343|256 48.0 101.8134.6(17.2 5925 575 | 49.7 | 22.7 | 285 | (5 |496.9| 691 | 742 | 650 | 661 | 549 | 546
in. in. in. in in. in. in. | in. | in. | mm.| mm. | in. in. in. mm. | mm. mm. | mm. | mm. | mm. | mm.
Year
1739 103
40 100
41 82
42 81
43 77
“ 108
45 93
16 83
47 1 101
48
49
1750
51 1 109
52 107
-53 96
54 90
55 105
56 1 o4
57 93
58 90
59 92
1760 108
01 90
62 84
63 118 106
64 101 96
85 90
66 80
67 115
68 128 118
69 90
1770 108 108
71 70 88
72 111 112
73 113 109
74 120 111
75 123 115
76 107 100
77 89 04
78 102 108
9 04
1780 75 90
81 88
82 131 124
83 93 91
84 96 100
85 77 99
88 107 114
87 108
88 65 83
89 116 114
1790 98
o1 105 104
92 117 129
03 84
04 104 103
95 84 101
96 83 81
97 106 108
98 88 91
9 108 114
1800 90 101
1 96 111
2 91 98
3 77 89
4 85 108
5 75 96
(] 98 108
7 94 105
8 90 101
9 88
1810 100 %
11 98 114
12 97 99
13 93 95
14 92 78
16 90 95
16 107 12
17 100 107
18 102 92
19 99 108
1820 92 94
21 109 107
22 100 90
23 117 101
2 117 112
25 96 95
26 77 75
27 102 28
28 120 106
20 102 104
1830 111 109
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TaBLe 1.—Northern European Rainfall—Yearly percentages of normal at available stations with long rainfall records—Continued

53

34 7 ]
0 QL

g g B o o w0

g2E1 5 5 | o 5 28 0§ k> ]

B8 | ¥ £ 4 = = SE E 3 n 2

=5k | 3 = 3 ] g & o, - B S 9 8 =} > B )

2341 B g g B 13 o b a4 | < & *z 8 2 = 0 ° 2 -] = 8% g

Hew | & g & = 2 b g | = g S R < e g 5 2 5 iz} = | g

oT= o K |1 = S 3 et [2 =] =~ w Q =l o E=] | o = 5] o3

) 51 4 ) o | A | S |lem | a |« B | - o =1 = & = 3 ta [ - - -~
Normal.| ... 259 (521 | 247 | 343 |25.6 | 48.0 (91.8|34.6 | 17.2 | 5925, &75 49.7 | 22.7 | 28.5 @ 496.9 | 601 742 659 661 540 | 546

in. in in. in in. in. in. in in, {mm.|{ mm in in. in. mm. | mm. | mm. | mm. | mm. | mm. | om.




54

MONTHLY WEATHER REVIEW

TaBLE 2.—The Punjab

[Table supplementary to that published in M. W. R. Oct. 1924, p. 485]

FEBrRUARY, 1926

TaBLE 3.—Eastern United States—Continued
[The mean includes stations of Table 4 of Mo. Wea. Rev., October, 1924, p. 485]

- Per cent Per cent New Provi-
Year of normal Year of normal Year Boston | Lowell Bedford | dence Mean
47 71 85 85 7 94 100
83 91 120 104 85 101 102
52 90 100 99 90 102 103
72 81 [ 94 90 105
112 113 119 110 107
] 1A T
. 111 1 1
TaBLE 3.—Eastern United Stales e 126 112 115 o8
. . 105 143 119 144 111
[The mean includes stations of Table 4 of Mo. Wea. Rev., October, 1924, p. 485) 01 100 114 1927 107
89 118 134 115 110
gl 82 18; 120 gg
New Provi- 5 103 85
Year Boston | Lowell | poicos | dence Mean g& 12? 133 1,‘,2 182
gz 92 8%) 115 gis
6 100 1 104
o 18 83 100 110 108 103
86 80 114 130 136 144 109
87 102 79 38 96 112 91
o9 08 101 126 96 108 94
90 74 111 130 112 118 90
130 113 78 124 98 109 100
102 95 96 100 103 107 102
82 w1 91 96 108 107 02
119 89 7 90 &9 94 98
136 113 93 101 93 109 100
85 87 86 93 99 108 7
142 107 69 75 a1 96 86
140 102 93 84 92 76 94
133 104 65 (59 82 7! 85
107 101 §2 83 91 83 99
92 96 79 86 99 87 100
96 85 7 56 99 84 o
102 90 7 67 84 7 86
93 100 89 92 95 7 102
85 89 85 97 100 7 92
83 05 89 7 84 82 86
96 92 7! 85 71 85 88
107 T 98 86 102 100 105
110 105 105 107 108 101 103
85 85 08 98 102 80 81 94
110 96 105 94 122 80 102 99
1844 7T B 86 86 88 7 77 104 68 92 92
1845__ _ 106 94 104 93 94 80 91 20 76 94
{%;: B 18‘7’ 1?3 Z,{; 1?0 }35 43.75 41.49 46,21 44.16 ..o
848 . R 94 102 88 96
1849 ... _ 92 10; gs 1;9 9% !
1850 oo _ 123 12 136 6 115 ,
1851 o .. _ 101 ng 112 98 89 TaBLE 4.—Years to be repeated ’fr averaged to Z{Mm variable table,
1852 oo - 110 10 100 7 100 ; with sun-spot numbers
1853010 : 112 106 83 121 98 in forced step po
1854 - 104 102 116 105 95
1855 - 101 108 80 88 93
1856._. - 119 102 80 93 88 To be repeated—
1857__ . 116 119 94 101 105
1858 __ ot 120 86 95 101 104
1859__ - 130 115 111 102 113 1751 1772 1809 1840
1860.. - 118 113 86 87 93 1754 | 1776 | 1830 | 1868
1861.. - 114 104 100 100 97 1762 1780 1831 1885
1862__ - 140 107 94 114 104 1765 | 1807 | 1832 | 1920
1863 - 155 126 98 125 106 1767
1864 __ - 113 92 89 83 91
1865_. - 109 83 12(7) igi 1{1’3
1866_ - 116 _
1867 LI : 127 110 102 107 110 To be averaged
e | o omomom o
1869 - 151 1
1870 - 137 112 102 111 102 1256-53 1814-15
1871__ - 103 107 107 108 101 i559-6 xsg;::gg
1872__ R 115 107 103 110 100 1539-902_9 % 134 s
1873 - 125 96 112 119 115 L I
1874 . . 97 86 107 98 103 50-5
118 108 1799-1800 1874-75
1875 .- i us o 108 180102 1880-81
1876.. - 112 109 91 114 112 T e
1877 e - 118 99 102 110 106
1878 e ceaee - 150 137 109 119 117 1811-12 1902-03
1870, oo eeeemeeeee 102 105 92 92 96
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TaBLE b.—Rainfall periodogram, £3§ to 9 years
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TaBLE b.—Rainfall periodogram, 214 to 9 years—(Continued)

MONTHLY WEATHER REVIEW
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